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Although eukaryotic cells use RNA silencing to de-
fend against transposons and pathogens, they also
employ these pathways to regulate the expression of
their own genes. Recent results have uncovered new
examples of RNA silencing in controlling endogenous
gene expression and have revealed novel mecha-
nisms of downregulation. Bioinformatic analyses in-
dicate that target genes in vertebrate species may
number in the thousands.
One of the reasons for the interest in RNA silencing in
recent years has been the potential to use this mecha-
nism to study gene function, validate candidate drug
targets, and perhaps even treat disease (Hannon and
Rossi, 2004). RNA interference (RNAi) and related path-
ways in eukaryotes can specifically inhibit the expres-
sion of nearly any target gene in response to double-
stranded RNA (dsRNA) with matching sequence. Of
course, RNA silencing serves natural roles as well, and
one of the first functions recognized for this collection
of pathways is in defending the host and its genome
from virus and transposon invasion. When RNAi is used
in cellular defense or is exploited by biologists, the
dsRNA that triggers silencing is extragenomic in origin.
However, cells rarely pass up opportunities to co-opt
available pathways to control the expression of their
own genes, and RNA silencing is no exception.
Within eukaryotic cells, RNAs that lead directly into
RNA silencing are processed by one or more RNase III
enzymes to generate 21–28 nucleotide (nt) products.
These small RNAs eventually enter into RNA silencing
effector complexes and serve as specificity factors that
guide the effector complexes to their nucleic acid tar-
gets (see Filipowicz, 2005 [this issue of Cell]). Two main
categories of small RNAs have been defined, and these
differ primarily in the nature of their respective precur-
sors (Figure 1). MicroRNAs (miRNAs) are generated
from single-stranded precursor transcripts that fold
into imperfectly base-paired hairpin structures. Usually
only a single mature, stable miRNA is liberated from each
stem-loop precursor. Short interfering RNAs (siRNAs) are
the canonical participants in RNAi and are generated
from perfectly base-paired dsRNA precursors. Exam-
ples of genome-derived miRNAs and siRNAs have all
been found, and for some of them, critical functions
have been defined in the control of gene expression
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Of all the categories of endogenous small RNAs,
miRNAs have received the most attention by far, and
with good reason: plants and animals commonly con-
tain hundreds of distinct miRNA genes, and these in
turn help to regulate the expression of an even larger
number of mRNAs. In all plant and animal species that
have been examined, defects in miRNA function have
profound effects on development.
In plants, most known mRNAs that are silenced by
miRNAs are perfectly complementary to the corre-
sponding miRNA. The miRNA/target interaction usually
induces mRNA cleavage catalyzed by the RNA-induced
silencing complex (RISC) in which the miRNA resides.
In contrast, most known miRNA targets in animals are
only partially complementary to their cognate miRNAs.
The prevailing view has been that such miRNA/RISC
bound target mRNAs are not cleaved but nonetheless
fail to give rise to the encoded protein due to a mecha-
nistically ill-defined effect on protein synthesis. The no-
tion that animal miRNAs do not significantly affect the
stabilities of imperfectly base-paired mRNAs has now
been challenged (Lim et al., 2005). These authors used
microarray analysis to analyze changes in global mRNA
levels in HeLa cells in response to transfected miRNAs
that are normally undetectable in those cells. For two
different miRNAs (miR-1 and miR-124), levels ofw100–
200 transcripts were reduced. Most of the downregu-
lated genes are weakly expressed in the cell types that
naturally express the particular miRNA. A search of the
affected transcripts revealed an overrepresentation of
3#-UTR sequences complementary to nts 2–8 (counting
from the 5# end) of the miRNA. Mutational analyses
indicated that these so-called “seed” pairings are im-
portant for the observed downregulation. It is not yet
known whether the observed reductions in mRNA
levels are due to target cleavage by RISC itself, or
whether the bound miRNAs enlist other degradation
machineries.
One of the best-known mRNA turnover pathways in
eukaryotes involves AU-rich elements (AREs) found in
the 3#-UTRs of numerous short-lived transcripts. A num-
ber of ARE binding proteins have been identified, some
of which appear to deliver the bound mRNAs to the
exosome for degradation (Chen et al., 2001). A recent
report provides evidence that in at least some cases,
miRNAs can also be involved in ARE-induced mRNA
turnover (Jing et al., 2005). A screen in Drosophila cells
for genes involved in ARE-directed mRNA turnover un-
expectedly revealed a role for the known RNA silencing
factors Dicer-1, Argonaute1, and Argonaute2, suggest-
ing a possible functional connection with miRNAs. Sure
enough, a sequence in miRNA miR-16 is complementary
to core ARE sequences, and increasing or decreasing
miR-16 levels activate or inhibit target transcript degra-
dation, respectively. Mutations in miR-16 that abolish the
ARE complementarity also abolish its effect on mRNA
stability. Not all ARE-containing mRNAs respond to
changes in miR-16 levels, and even the miR-16-respon-
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10Figure 1. Endogenous RNA Silencing Triggers
MicroRNAs (miRNAs), short interfering RNAs
(siRNAs), and repeat-associated siRNAs (rasi-
RNAs) regulate endogenous gene expres-
sion, and some features of their biogenesis
are shown. For siRNAs and rasiRNAs, the
two strands may arise from bidirectional
transcription of the chromosomal locus or
could come from unidirectional transcription
followed by RNA-dependent RNA polymer-
ase (RdRP) activity, depending on the organ-
ism and the cellular context. The RNAs have
distinct silencing outputs, as indicated by
the arrows at the bottom. Solid lines indicate
firmly established pathways, whereas dashed
lines denote pathways for which only indi-
rect evidence exists. See text for details.sive targets still require the ARE binding protein TTP for m
trapid turnover. Hence, miR-16 is certainly not the whole
story but instead represents another layer on the al- a
nready well-developed tale of ARE function. miR-16 is
also required for ARE-directed mRNA instability in hu- I
fmans, which may be especially significant in light of
the observation that the gene encoding miR-16 resides o
swithin a chromosomal region that is deleted or other-
wise downregulated in a majority of patients with B cell m
wchronic lymphocytic leukemia (Calin et al., 2002). AREs
are often found in transcripts that encode cell prolifera- s
Ttion factors (e.g., c-fos, GM-CSF, TNF-α, IL-6, and IL-8);
perhaps stabilization of some of those transcripts in the g
labsence of miR-16 contributes to the uncontrolled pro-
liferation that defines the disease. p
tThe list of silencing mechanisms that are available to
miRNAs has also expanded into the realm of transcrip- t
Xtion. Barton and coworkers (Bao et al., 2004) found that
the genes encoding two Arabidopsis miRNA targets m
((PHABULOSA and PHAVOLUTA) are heavily methyl-
ated, and mutations that disrupt miRNA complementar- i
city correlate with decreased methylation and, presuma-
bly, increased transcription. The mechanism involved is g
snot yet clear, nor is it proven that methylation results
directly from miRNA recognition of either the genes or c
pthe corresponding transcripts. Nonetheless, the results
suggest that in at least some cases, miRNAs may have T
gdirect or indirect access to transcriptional silencing
pathways. h
2The expansion in miRNA silencing mechanisms has
been accompanied by the seemingly never-ending ex- b
rpansion of the list of miRNAs and miRNA target genes.
As of this writing, the MicroRNA Registry (http://www. o
hmicrorna.sanger.ac.uk/sequences/index.shtml) lists 222
human miRNA genes that encode 207 distinct miRNAs. m
iHowever, two recent exercises in comparative geno-ics (Berezikov et al., 2005; Xie et al., 2005) indicate
hat the number may grow significantly. Xie et al. (2005)
ligned 3#-UTRs from four sequenced mammalian ge-
omes and identified >100 conserved sequence motifs.
ncluded in this set were 72 sequences capable of
orming 6–8 base pair “seed” duplexes with the 5# ends
f nearly half of the known human miRNAs. The entire
et of 8 nt 3#-UTR motifs was used to search for geno-
ic sequences bearing the hallmarks of miRNA genes
hose products could recognize the motifs, and the
earch yielded many previously known miRNA genes.
antalizingly, the analysis also found 129 novel miRNA
ene candidates. Twelve of these were randomly se-
ected for further analysis, and the authors found ex-
erimental evidence that six of these express func-
ional miRNAs, despite the fact that expression was
ested in a limited number of cell types. The results of
ie et al. (2005) may therefore add dozens of new hu-
an miRNAs to the current roster. Berezikov et al.
2005) took a different tack, sequencing regions flank-
ng miRNA precursors in ten primate species to identify
onservation patterns associated with known miRNA
enes. The resulting information was used to refine
earches of mammalian whole-genome alignments for
andidate genes that fit these patterns as well as other
reviously identified features of known miRNA genes.
his analysis recovered >80% of mammalian miRNA
enes that were known at the time and yielded many
undreds of new candidates. Of 69 new candidates,
3% could be detected from mouse tissue by Northern
lotting. Based on these and other considerations, Be-
ezikov et al. (2005) estimate that the current inventory
f 222 human miRNA genes may comprise less than
alf of the actual total. If this is correct, miRNA genes
ay represent 2%–3% of the total number of genes
n humans.
Minireview
11Naturally, with a longer list of miRNAs comes a longer
list of target transcripts. Given the frequency of 3#-UTR
motifs with complementary miRNAs found by Xie et al.
(2005), the authors estimated that w5,000 human
genes—w20% of the total—are likely to be subject to
some form of miRNA regulation. If miRNA/mRNA in-
teractions that do not rely on “seed” pairing (such as
the miR-16/ARE interaction identified by Jing et al.,
2005) are considered, this number could grow signifi-
cantly larger still. John et al. (2004) and Lewis et al.
(2005) recently proposed similarly large numbers of ver-
tebrate miRNA targets, and the latter report identified
additional sequence characteristics of miRNA target
sites that improve the specificity and signal:noise ratio
of their target-site search algorithm. Altogether, multi-
ple experimental and bioinformatic strategies all indi-
cate that we have not yet recognized the true extent of
miRNA regulation in humans and other vertebrates.
Endogenous siRNAs
Traditionally, siRNAs are thought to originate from ex-
ogenous sources, be it the bench scientist or, more nat-
urally, infection by viruses. However, there has been no
reason to doubt that cells could autonomously gener-
ate siRNAs for their own purposes. Indeed, this ap-
pears to be the case. Large-scale efforts to clone
cDNAs corresponding to endogenous small RNAs pro-
vided the first clue. In plants, fungi, and animals, small
RNAs were detected that are distinct from miRNAs
since they do not have hairpin-loop precursors (Ambros
et al., 2003; Aravin et al., 2003; Xie et al., 2004). A major
class of these RNAs are encoded by repetitive ele-
ments within the genome. Many of these elements are
transposons or retro-elements, consistent with the idea
that RNAi functions in silencing transposon expression
and propagation. The sizes of small RNAs generated
from such repeats are larger than those of miRNAs in
some species; they range in size from 23 to 27 nucleo-
tides compared to the 20 to 23 nucleotide lengths ob-
served for many miRNAs. This possibly reflects the
type of Dicer enzyme that processes repeat-associated
siRNAs (rasiRNAs) (Figure 1). In Arabidopsis, DCL3 is
necessary for rasiRNA biogenesis whereas a different
Dicer, DCL1, processes miRNAs (Xie et al., 2004). And
unlike miRNAs, rasiRNAs originate from dsRNA precur-
sors that are composed of two distinct complemen-
tary strands.
The genomic locations of the repetitive elements are
particularly telling. Heterochromatic regions including
centromeres and telomeres contain many repetitive el-
ements that resemble transposons, and rasiRNAs are
encoded by these repeats (Aravin et al., 2003; Xie et
al., 2004). Their presence correlates with the repressed
chromatin state of the regions. Indeed, fission yeast
rasiRNAs generated from centromere repeats associate
with the RNA-induced transcriptional silencing (RITS)
effector complex and direct it to corresponding chro-
mosomal loci (Verdel et al., 2004). Heterochromatin es-
tablishment at centromere repeats requires Dicer and
the Argonaute protein Ago1, confirming the active in-
volvement of the RNAi machinery. This mechanism is
not restricted to yeast alone. In Drosophila, pericentric
heterochromatin formation is dependent on the Argo-
naute proteins Aubergine and Piwi, and the RNA heli-
case Spindle-E (Pal-Bhadra et al., 2004). These factorsare also required for RNAi-based posttranscriptional
gene silencing. Thus, rasiRNAs can regulate the chro-
matin composition of those very loci from which the
RNAs are synthesized. As such, they potentially guide
trans-acting heterochromatin effectors to DNA in a
manner that does not necessarily require stable DNA
marking.
rasiRNAs can also act in trans to regulate other loci.
The clearest example of this is in Drosophila. The Stel-
late (Ste) locus on the X chromosome contains tandem
repeats of a gene that encodes a protein kinase. A re-
lated locus on the Y chromosome, Su(Ste), contains re-
peats with highly similar sequence to the Ste repeat but
with two critical differences. First, the Su(Ste) repeats
contain many polymorphisms that impair their protein-
coding potential. Second, a 1360 transposon is present
at the 3# end of each Su(Ste) repeat. Ectopic promoter
sites within the 1360 element initiate antisense tran-
scription, in addition to the sense transcription initiated
by the cryptic kinase gene. Interestingly, both Auber-
gine and Spindle-E are needed to generate stable rasi-
RNAs, although they have not been implicated in siRNA
processing (Aravin et al., 2004).
What do Su(Ste) rasiRNAs do? Deletion of almost all
Su(Ste) repeats in the crystalmutant results in male ste-
rility and hyperexpression of the Ste locus in testes (Ar-
avin et al., 2004 and references therein). This is associ-
ated with meiotic abnormalities and aggregation of Ste
kinase protein in spermatocytes. Moreover, mutation of
Aubergine or Spindle-E also results in Ste hyperexpres-
sion and associated meitoic abnormalities (Aravin et al.,
2004 and references therein). Since these factors are
also required for accumulation of Su(Ste) rasiRNAs in
testes, rasiRNAs made by Su(Ste) apparently act in
trans to silence Ste expression. Although it is not clear
if Ste silencing is at the transcriptional or posttranscrip-
tional level, the requirement for the RNA helicase armi-
tage (Tomari et al., 2004) suggests that it might be the
latter. Unlike Aubergine or Spindle-E, the biochemical
activities of Armitage are understood: it plays no signifi-
cant role in the early steps of RNAi but rather acts in
assembly of RISC, the complex that catalyzes mRNA
cleavage.
The purpose behind the balanced interaction be-
tween X-linked Ste and Y-linked Su(Ste) is not clear.
One possible role for this mechanism might be to re-
duce the accumulation of sex chromosome nondisjunc-
tion since males that lack a Y chromosome would fail
to propagate or would exhibit meiotic drive (a distortion
of the normal 1:1 ratio of reciprocal gametes).
The cloning projects also identified small RNAs that
are complementary to chromosome regions lacking
protein-coding genes but in some cases overlap longer,
unique, noncoding RNAs (Ambros et al., 2003; Vazquez
et al., 2004). Significantly, the small RNAs are some-
times in an “antisense” orientation relative to the longer
noncoding RNAs. For the Arabidopsis At2g27400 RNA,
the corresponding small RNAs are in a precisely phased
register, 21 nucleotides apart (Vazquez et al., 2004).
These observations suggest that the small RNAs are
generated as siRNAs from the longer RNA. Consistent
with this, the production of the small RNAs is depen-
dent on Dicer since they are not detected in C. elegans
dcr-1 mutants and Arabidopsis dcl1 mutants (Ambros
Cell
12et al., 2003; Peragine et al., 2004; Vazquez et al., 2004). s
hThese siRNAs have lengths similar to typical miRNAs
nand shorter than rasiRNAs.
cThe biogenesis of these siRNAs is best understood
fin Arabidopsis. The formation and action of the At2g
w27400-derived siRNAs requires the RNA-dependent
eRNA polymerase (RdRP) RDR6 and the factor SGS3
D(Vazquez et al., 2004). It is believed that RdRP proteins
csuch as RDR6 synthesize complementary RNA strands
wfrom single-stranded RNA templates. Thus, RDR6
smight generate double-stranded RNA from the “sense”
At2g27400 RNA precursor, which is then processed by
sDCL1. This set of factors, SGS3, RDR6, and DCL1, is
enot involved in the biogenesis and action of heterochro-
tmatic rasiRNAs, hinting at a diversification that might
gbe related to the nonrepetitive nature of the RNA pre-
ecursor. Moreover, neither SGS3 nor RDR6 play a role in
mthe miRNA pathway.
What functions do nonrepetitive siRNAs have within
the organism? For C. elegans, in which thirteen such
Sloci have been identified, few clues are available. Some
are specific for discrete stages of worm development A
(Ambros et al., 2003). The functions of the Arabidop- (
sis At2g27400 siRNAs have come into sharper focus A
S(Vazquez et al., 2004). Three protein-coding mRNAs
Cwere identified that contain sequences complementary
Ato the At2g27400 siRNAs. Transcript abundance is ele-
Gvated when SGS3 or RDR6 are missing, and the mecha-
Bnism by which SGS3 and RDR6 depress abundance in-
Bvolves transcript cleavage. Thus, nonrepetitive siRNAs
Ract in a similar manner to exogenous-siRNA-triggered
CRNAi. Are these the only targets? A microarray study
E
comparing wild-type and sgs3 or rdr6 plant expression N
identified almost 20 transcripts that are more abundant C
in the mutants (Peragine et al., 2004). However, many G
1of the transcripts may represent indirect targets of
FAt2g27400 or other nonrepetitive siRNAs since 17 of
them lack sequences complementary to known endog- H
enous siRNAs. It is still unclear what functions this J
DsiRNA pathway has in Arabidopsis development. The
6phenotypes of sgs3 and rdr6 mutants suggest that
Jthese genes are important for timing the vegetative
Dphase of shoot and leaf development.
LAn unusual function for endogenous siRNAs is seen
Lin the protozoan Tetrahymena. Each cell contains two
Cnuclei: a polyploid macronucleus and a diploid, germ- t
line micronucleus. After sexual conjugation between
M
two Tetrahymena, the parental macronucleus is de- 2
stroyed and the new macronucleus undergoes massive P
genome rearrangement. Portions of the genome are B
eliminated, including internal eliminated sequences P
(IESs), each of which is 0.5 to 20 kb long. Histone H3 R
methylation specifically occurs on IESs and is essential T
Kfor IES elimination, suggesting that chromatin marking
1is part of the mechanism. Although the micronucleus is
Vinert during the vegetative cycle, transcription is de-
Vtected during the meiotic prophase of conjugation. This
C
transcription of intergenic regions occurs on both
Vstrands, suggesting that double-stranded RNA is syn- a
thesized. The timing of transcription correlates exactly
X
with the appearance of 28 nt siRNAs that depend upon T
Dcl1, one of three Dicer-like proteins in Tetrahymena X
(Mochizuki and Gorovsky, 2004 and references therein). A
PSeveral lines of evidence indicate that these siRNAspecify IES elimination in the new macronucleus. They
ybridize to DNA from the micronuclear genome but
ot from that of the macronucleus, indicating that they
orrespond to eliminated sequences. Dcl1 is required
or IES marking, and the Argonaute protein Twi1p,
hich associates with the siRNAs, is required for IES
limination. Thus, these IES siRNAs likely guide the
NA elimination machinery to IES sequences. This ma-
hinery may include chromatin remodeling factors,
hich would be consistent with the conserved role of
iRNAs in chromatin regulation.
The discoveries of unexpected roles for endogenous
iRNAs in DNA elimination, heterochromatin formation,
tc. illustrate a recurring theme: once researchers know
o be alert to possible roles of small RNAs in controlling
ene expression, new examples of such roles repeat-
dly emerge. There are many reasons to suspect that
ore surprises are in store.
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